Modern power systems rely on renewable energy sources and distributed generation systems more than ever before; the combination of those two along with advanced energy storage systems contributed widely to the development of microgrids (MGs). One of the significant technical challenges in MG applications is to improve the power quality of the system subjected to unknown disturbances. Hence innovative control strategies are vital to cope with the problem. In this paper, an innovative online intelligent energy storage-based controller is proposed to improve the power quality of a MG system; in particular, voltage and frequency regulation at steady state conditions are targeted. The MG system under consideration in this paper consists of two distributed generators, a diesel synchronous generator, and a photovoltaic power system integrated with a battery energy storage system. The proposed control approach is based on hybrid differential evolution optimization (DEO) and artificial neural networks (ANNs). The controller parameters have been optimized under several operating conditions. The obtained input and output patterns are consequently used to train the ANNs in order to perform an online tuning for the controller parameters. Finally, the proposed DEO-ANN methodology has been evaluated under random disturbances, and its performance is compared with a benchmark controller.
Introduction
Electric power systems have transformed significantly since distributed energy resources (DER), particularly renewable energy sources (RES), intensively emerged into the distribution networks. Many reasons related to environmental issues, governmental policies and economic aspects have motivated the increased use of RES, such as photovoltaic systems (PV), wind turbines (WT) and small hydropower turbines (HT) [1] . The conventional radial distribution network in various countries suffers from efficiency, quality, and reliability issues. The microgrid (MG) concept is then introduced as a potential candidate solution for the aforesaid conventional network weaknesses [2, 3] . The basic idea of MG systems refers to a small-scale electrical power system consists of distributed generation (DGs), energy storage devices (ESDs) and loads [4] [5] [6] . DGs typically refer to small-scale power generations that are located close to load centers [7, 8] . Generally, DGs can be classified into two main categories depending on the type of connection with the grid. The first category is inertial type DGs such as gas turbines (GT), internal combustion engines (ICE) and micro alternators, which include inertial machines. The second category is inverter type DGs such as PV systems, WT systems, and fuel cell (FC) abnormal conditions in designing their proposed controller, which were sudden load changes and fault occurrence. However, the performance of the above two proposed energy storage-based controllers was not satisfactory. In Reference [36] , a robust control approach based on structural singular value theory was employed in order to design the MG frequency controller. The SCESS based controller gains were optimized using differential evolution optimization (DEO) techniques. The proposed control method showed good robustness in restoring the MG frequency following transients, but it did not improve the MG system voltage as well. Likewise, in Reference [37] , an active and reactive power control strategy based on BESS and SCESS was proposed to restore MG system frequency and voltage during contingencies. The MG system was modeled to include conventional microgeneration, a PV system, a FC system, and a WT system. The author employed an adaptive online neuro-fuzzy algorithm to tune the storage-based controller gains. Other modern control strategies were proposed in References [38] [39] [40] [41] [42] to enhance the dynamic system response under abnormal conditions. These control methods showed an effective dynamic performance, but they did not contribute significantly to the improvement of the MG power quality, and they involved complex calculations and long processes.
Owing to the aforementioned analysis, this paper presents a novel online intelligent control approach based on hybrid DEO and artificial neural networks (ANN). In fact, the idea is to utilize complementary benefits of both strategies to perform an optimal online tuning of the BESS-based PI controller parameters so as to improve the MG system power quality. As mentioned earlier, one of the main technical challenges in MG applications is to improve the power quality of the system subjected to unknown disturbances. Hence innovative hybrid intelligent control approaches are vital to cope with the problem. To the best of authors' knowledge, this approach has not been proposed earlier in the literature. In this paper, the MG system under consideration consists of two DGs, a diesel synchronous generator (DSG) and a PV system, integrated together with the BESS. In order to improve the power quality of the MG system, the frequency and voltage at the point of common coupling (PCC) need to be maintained within permissible limits. Hence, a novel online intelligent DEO-ANN PI control strategy is being demonstrated in this work. The BESS-based PI controller has been designed to achieve optimal operation under normal and abnormal conditions. The controller gains will be optimized under several low-level disturbances (less than 1 p.u) using the DEO technique. The collected input and output patterns are utilized for training the ANN in order to perform an online tuning of the controller parameters. After that, the proposed control strategy is evaluated under random disturbances. The MG system responses during disturbances are assessed with and without the action of the proposed controller as compared with benchmark controller in order to verify its effectiveness.
The rest of the paper is organized as follows: Section 2 describes the problem. In Section 3, a detailed MG mathematical modeling is presented. The next Sections 4 and 5 demonstrate the problem formulation and the proposed methodology, respectively. Finally, the results and discussions are provided in Section 6, and the conclusion is given in Section 7.
Problem Description
MG systems experience disturbances due to many reasons. These disturbances include a sudden loss of power generation, short circuits, and sudden load changes. Therefore, a proper control strategy is greatly needed to improve the power quality and restore the system to its initial steady state condition in case of contingencies. The main theme of this paper is to study the behavior of the MG system under transients. Accordingly, an innovative BESS-based controller was designed to improve the MG power quality during abnormal operating conditions by restoring the system frequency and voltage to normal operating conditions. The MG system being studied in this paper worked on the grid-connected mode and consisted of two distributed generations, which were a DSG and PV power system. Figure 1 shows the single line diagram of the MG system under consideration.
In order to improve the system power quality during transients, an intelligent BESS-based PI controller is proposed. The BESS was interfaced through voltage source converter (VSC) to provide an additional active and reactive power support for the MG system. The controller parameters were optimized under several levels of disturbances using the DEO technique. These disturbances simulated sudden changes in the input mechanical torque of the DSG. The optimized controller parameters and the corresponding disturbances were arranged in input and output patterns for training the ANN. Finally, the proposed intelligent BESS-based PI controller was evaluated under random disturbances, and its performance is compared with a benchmark controller. 
Mathematical System Modelling
The MG had two DG sources integrated together and connected to the PCC bus. In addition, the battery storage system interfaced through a VSC along with the static loads was connected to the PCC bus. The MG system can be modeled by several nonlinear differential equations that represent its dynamic behavior. Figure 2 shows the detailed layout of the MG system under investigation. 
Utility

Mathematical System Modelling
Diesel Synchronous Generator
The DSG can be modeled by four nonlinear first order differential equations. Two equations represent the mechanical part of the generator and decomposed from the well-known swing equation. The angular displacement (δ) of the generator rotor and angular speed (ω) are mathematically described as [37] :
where:
P e : output electrical power P m : input mechanical power H: inertia constant ω b : reference angular speed.
The other two equations represent the electrical part of the generator and they are as follows:
where: The expression in Equation (3) describes the internal voltage e q along the quadrature axis (q-axis) of the generator's rotor. While, the expression in Equation (4) describes the field voltage E f d along the direct axis (d-axis) of the generator's rotor. The state variables of the DSG model are given as:
Photovoltaic System
The solar cell is the fundamental block of the PV system, and it consists mainly of a current source, diode, and resistance. The equivalent circuit shown in Figure 3 is called the simplified-PV model, which consists of a current source, a diode, and a series resistor. The PV system can be modeled by eight nonlinear first order differential equations [37] . These equations represent the dynamic behavior of the PV cell, the associated power electronics, and the inductance-capacitance (LC) filter as well. The PV system can be modeled by eight nonlinear first order differential equations [37] . These equations represent the dynamic behavior of the PV cell, the associated power electronics, and the inductance-capacitance (LC) filter as well.
DC/DC Converter and DC Link
The equivalent circuit of the DC/DC boost converter is shown in Figure 4 . It consists of an energy storing inductor, an insulated-gate bipolar transistor (IGBT) switch, a forward acting diode, and a DC link capacitor to filter the DC boost converter voltage and maintain constant input voltage to the DC/AC inverter. The PV system can be modeled by eight nonlinear first order differential equations [37] . These equations represent the dynamic behavior of the PV cell, the associated power electronics, and the inductance-capacitance (LC) filter as well. The relations of Equations (5) and (6) represent the PV output current and the DC link output voltage after the DC/DC converter respectively. 
DC/AC Voltage Source Inverter
The voltage source DC/AC inverter (VSI) operated in pulse-width modulation (PWM) mode with a modulation index and a phase angle . The inverter is essential to convert the DC power to an AC in order to integrate the PV system with the PCC bus. Figure 5 shows the inverter model. The relations of Equations (5) and (6) represent the PV output current and the DC link output voltage after the DC/DC converter respectively.
L dcb : boost converter inductor C dcpv : DC link capacitor dr pv : DC/DC converter duty ratio.
The voltage source DC/AC inverter (VSI) operated in pulse-width modulation (PWM) mode with a modulation index m pv and a phase angle ψ pv . The inverter is essential to convert the DC power to an AC in order to integrate the PV system with the PCC bus. Figure 5 shows the inverter model. The mathematical expressions in Equations (7) and (8) represent the inverter output current in the d-axis, and the inverter output current in the q-axis, respectively. The mathematical expressions in Equations (7) and (8) represent the inverter output current in the d-axis, and the inverter output current in the q-axis, respectively.
m PV : inverter modulation index ψ PV : inverter phase angle. Figure 6 shows the LC low pass filter equivalent circuit along with the transmission line model. The mathematical expressions in Equations (7) and (8) The following set of mathematical expressions in Equations (9)- (12) represent the LC filter current in the d-axis, the LC filter current in the q-axis, the filter capacitor voltage in the d-axis, and the filter capacitor voltage in the q-axis respectively. The following set of mathematical expressions in Equations (9)- (12) represent the LC filter current in the d-axis, the LC filter current in the q-axis, the filter capacitor voltage in the d-axis, and the filter capacitor voltage in the q-axis respectively.
LC Filter and Coupling Transmission Line
Ψ pv m pv
where: The state variables of the PV system model are given as:
Battery Energy Storage System
The BESS can be modeled as a single DC source connected in series with a resistor and integrated with the PCC bus through a VSC, as shown in Figure 7 . The BESS model that is given in Equations (13) and (14) describes the currents in the d-axis and q-axis, whereas the expression in Equation (15) represents the voltage of the DC-link capacitor [37] . The state variables of the PV system model are given as:
The BESS can be modeled as a single DC source connected in series with a resistor and integrated with the PCC bus through a VSC, as shown in Figure 7 . The BESS model that is given in Equations (13) and (14) describes the currents in the d-axis and q-axis, whereas the expression in Equation (15) represents the voltage of the DC-link capacitor [37] . 
VSC
Figure 7. The battery energy storage system (BESS) model.
R st : VSC resistance L st : VSC inductance m: converter modulation index ψ: converter phase angle
The state variables of the BESS system model are given as:
Problem Formulation
The aim is to improve the MG power quality by restoring the system frequency and voltage to the steady state condition in the case of having a disturbance in the input mechanical power of the DSG. To solve this optimization problem, the optimal design of the PI controller that gives the minimum frequency error was carried out. Therefore, the objective function was to minimize the system frequency integral squared-error (ISE) as follows: where:
ω 0 : reference frequency ω: system frequency.
In doing so, some constraints on the PI controller limits were met. The proportional parameter (K P ) and the integral parameter (K i ) were as follows:
The acceptable operating limits of the MG frequency and voltage are given in Table 1 . 
The Proposed Methodology
The proposed control methodology in this work was to use hybrid DEO and ANN techniques to optimize the BESS-based PI controller. The main role of the energy storage-based PI controller was to improve the power quality and restore the system to its steady state condition after the occurrence of a disturbance. In order to achieve this type of control, a proper selection of the controller parameters was required. Figure 8 shows the control block diagram of the MG system, where the system frequency was compared to a reference frequency. The mismatch between the two frequencies represented the error that needed to be minimized. Then, this error signal was entered into the PI controller, and the output control signal was as per Equation (17) . The DEO-ANN algorithm generated the optimal controller parameters (K P and K i ) depending on the disturbance level.
The control signal controlled the VSC of the BESS through the modulation index (m) and the phase angle (ψ). Accordingly, the BESS supplied or absorbed both active (P) and reactive power (Q) depending on the system needs. The real power enhanced the dynamic performance through quick damping of the oscillations. Consequently, the MG frequency returned to the steady state condition, while the reactive power improved the voltage recovery at the PCC bus. As a result, the MG power quality was improved. represented the error that needed to be minimized. Then, this error signal was entered into the PI controller, and the output control signal was as per Equation (17) . The DEO-ANN algorithm generated the optimal controller parameters ( P K and i K ) depending on the disturbance level.
The control signal controlled the VSC of the BESS through the modulation index (m) and the phase angle (ψ). Accordingly, the BESS supplied or absorbed both active (P) and reactive power (Q) depending on the system needs. The real power enhanced the dynamic performance through quick damping of the oscillations. Consequently, the MG frequency returned to the steady state condition, while the reactive power improved the voltage recovery at the PCC bus. As a result, the MG power quality was improved. The DEO algorithm was used as an optimization technique to find the optimal values of the controller gains. The DEO is one type of the evolutionary algorithms (EAs) which are populationbased optimization techniques. Other EAs include genetic algorithms (GA), genetic programming (GP), evolutionary programming (EP), and evolution strategy (ES) [43] . The DEO is distinguished by its simplicity, robustness and fast convergence. Also, DEO is suitable to solve systems that can be represented by non-linear differential equations [44] . Since the MG system under consideration consisted of several non-linear differential equations, the DEO technique was proposed in this paper to optimize the parameters of the PI controller. The parameter settings of the DEO algorithm are shown in Table 2 . The optimal generation number and population size were determined by experience and by trial and error during the simulation until the best performance was achieved, The DEO algorithm was used as an optimization technique to find the optimal values of the controller gains. The DEO is one type of the evolutionary algorithms (EAs) which are population-based optimization techniques. Other EAs include genetic algorithms (GA), genetic programming (GP), evolutionary programming (EP), and evolution strategy (ES) [43] . The DEO is distinguished by its simplicity, robustness and fast convergence. Also, DEO is suitable to solve systems that can be represented by non-linear differential equations [44] . Since the MG system under consideration consisted of several non-linear differential equations, the DEO technique was proposed in this paper to optimize the parameters of the PI controller. The parameter settings of the DEO algorithm are shown in Table 2 . The optimal generation number and population size were determined by experience and by trial and error during the simulation until the best performance was achieved, whereas typical values were chosen for the crossover and mutation factors. Table 2 . The differential evolution optimization (DEO) algorithm parameter settings.
+ _
Wo
Parameter Description Value
Generation number 50 Population size 20 Crossover factor 0.5 Mutation factor 0.5
The flow chart of the proposed methodology is shown in Figure 9 . As can be seen, the algorithm started with the initialization of DEO, and then different levels of disturbances were applied to the input mechanical torque of DSG. These disturbances simulated sudden changes in the mechanical part of the DSG. Both, the optimum solutions (K P and K i ) and the disturbance level for each operating condition were obtained and stored. Then, these stored parameters were used to train the ANN. Once the ANN was trained, then the weighting matrices could identify the controller parameters for a certain operating condition within the training range. Figure 11 shows the performance curve of the developed ANN that was trained to give the optimal PI controller parameters for any disturbance within the training range. It can be observed clearly that the best training performance was found to be at epoch number 4 at which the mean squared error (MSE) converged to zero, which indicated that the developed ANN was very well trained.
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Results and Discussions
After completing the training of the ANN, a random disturbance between [0.2~0.8 p.u] was generated (0.3135 p.u) in order to verify the performance of the trained ANN. The input disturbance entered into the ANN, and then the output controller parameters were obtained as shown in Table 3 without violating the specified controller parameters' constraints. The dynamic responses of the system with and without the action of the controller along with the comprehensive comparison for the proposed DEO-ANN controller and the well-known benchmark classical PID controller is shown in Figures 12-25 . In fact, the classical PID controller is widely used as a benchmark controller, and many papers in the literature compare the performance of their proposed controllers with the performance of the classical PID controller [34] [35] [36] [37] . The PID block in MATLAB SIMULINK was utilized which had the control formula shown in Equation (18). 
After completing the training of the ANN, a random disturbance between [0.2~0.8 p.u] was generated (0.3135 p.u) in order to verify the performance of the trained ANN. The input disturbance entered into the ANN, and then the output controller parameters were obtained as shown in Table 3 without violating the specified controller parameters' constraints. The dynamic responses of the system with and without the action of the controller along with the comprehensive comparison for the proposed DEO-ANN controller and the well-known benchmark classical PID controller is shown in Figures 12-25 . In fact, the classical PID controller is widely used as a benchmark controller, and many papers in the literature compare the performance of their proposed controllers with the performance of the classical PID controller [34] [35] [36] [37] . The PID block in MATLAB SIMULINK was utilized which had the control formula shown in Equation (18) . The PID controller parameters were tuned using the well-known Ziegler-Nichols method [45] .
Figures 12 and 13 demonstrate the performance comparison of the proposed DEO-ANN controller using the obtained controller parameters from the developed ANN. It can be observed that the proposed controller performed better than the benchmark model in terms of stabilization time to restore the MG system frequency and voltage to the normal operating condition within a period of 1.5 s. The variations in the DSG internal voltage and the field voltage are shown in Figures 14 and 15 , respectively. It can be seen from those two figures that in the absence of the control action, the oscillations in the DSG internal voltage and field voltage continued for a longer period of time. However, with the action of the intelligent BESS controller, the oscillations were damped quickly and The variations in the DSG internal voltage and the field voltage are shown in Figures 14 and 15 , respectively. It can be seen from those two figures that in the absence of the control action, the oscillations in the DSG internal voltage and field voltage continued for a longer period of time. However, with the action of the intelligent BESS controller, the oscillations were damped quickly and returned to the steady-state condition in 3 s for the DSG internal voltage and less than 1.5 s for the DSG field voltage. The transient responses of the PV output current and the DC link output voltage are recorded in Figures 16 and 17 . Without the proposed controller, the PV output current and the DC link output voltage fluctuated for more than 10 s. However, with the action of the intelligent BESS controller, the fluctuations were damped quickly, restoring the PV output current and the DC link output voltage to the steady-state condition in less than 2 s. The transient responses of the PV output current and the DC link output voltage are recorded in Figures 16 and 17 . Without the proposed controller, the PV output current and the DC link output voltage fluctuated for more than 10 s. However, with the action of the intelligent BESS controller, the fluctuations were damped quickly, restoring the PV output current and the DC link output voltage to the steady-state condition in less than 2 s. The transient responses of the PV output current and the DC link output voltage are recorded in Figures 16 and 17 . Without the proposed controller, the PV output current and the DC link output voltage fluctuated for more than 10 s. However, with the action of the intelligent BESS controller, the fluctuations were damped quickly, restoring the PV output current and the DC link output voltage to the steady-state condition in less than 2 s. Figures 18 and 19 show the responses of the inverter output current along the d-axis and the inverter output current along the q-axis, respectively. It can be noticed from these figures that the uncontrolled case led to continuous oscillations. However, the transient responses with the proposed controller were improved, and the inverter output current along the d-axis and along the q-axis restored to the steady-state condition in less than 1.5 s. Figures 18 and 19 show the responses of the inverter output current along the d-axis and the inverter output current along the q-axis, respectively. It can be noticed from these figures that the uncontrolled case led to continuous oscillations. However, the transient responses with the proposed controller were improved, and the inverter output current along the d-axis and along the q-axis restored to the steady-state condition in less than 1.5 s. Figures 18 and 19 show the responses of the inverter output current along the d-axis and the inverter output current along the q-axis, respectively. It can be noticed from these figures that the uncontrolled case led to continuous oscillations. However, the transient responses with the proposed controller were improved, and the inverter output current along the d-axis and along the q-axis restored to the steady-state condition in less than 1.5 s.
Energies Figures 24 and 25 show the BESS performance during transients with and without the action of the proposed PI controller. The BESS behaved randomly without a proper controller and fluctuated for a long period of time. On the other hand, with the use of the intelligent PI controller, the BESS restored the system to steady-state conditions within 1 s. As can be seen in Figure 24 , the sudden changes in the input mechanical torque of the DSG were mitigated by the BESS injection or absorption of real power. This will reduce the amplitude of the oscillations in various MG system quantities, particularly the system frequency. Similarly, the variations of the PCC MG voltage during contingencies were reduced by the VSC-interfaced BESS injection or absorption of reactive power, as shown in Figure 25 . The proposed PI controller successfully managed the active and reactive power flow from and to the BESS in order to maintain the system frequency and voltage within the prescribed operating limits. Figures 24 and 25 show the BESS performance during transients with and without the action of the proposed PI controller. The BESS behaved randomly without a proper controller and fluctuated for a long period of time. On the other hand, with the use of the intelligent PI controller, the BESS restored the system to steady-state conditions within 1 s. As can be seen in Figure 24 , the sudden changes in the input mechanical torque of the DSG were mitigated by the BESS injection or absorption of real power. This will reduce the amplitude of the oscillations in various MG system quantities, particularly the system frequency. Similarly, the variations of the PCC MG voltage during contingencies were reduced by the VSC-interfaced BESS injection or absorption of reactive power, as shown in Figure 25 . The proposed PI controller successfully managed the active and reactive power flow from and to the BESS in order to maintain the system frequency and voltage within the prescribed operating limits. Figures 24 and 25 show the BESS performance during transients with and without the action of the proposed PI controller. The BESS behaved randomly without a proper controller and fluctuated for a long period of time. On the other hand, with the use of the intelligent PI controller, the BESS restored the system to steady-state conditions within 1 s. As can be seen in Figure 24 , the sudden changes in the input mechanical torque of the DSG were mitigated by the BESS injection or absorption of real power. This will reduce the amplitude of the oscillations in various MG system quantities, particularly the system frequency. Similarly, the variations of the PCC MG voltage during contingencies were reduced by the VSC-interfaced BESS injection or absorption of reactive power, as shown in Figure 25 . The proposed PI controller successfully managed the active and reactive power flow from and to the BESS in order to maintain the system frequency and voltage within the prescribed operating limits. It can be observed from the simulation results that the proposed DEO-ANN controller performed better in terms of stabilization time and overshoot when compared with the benchmark PID controller in all given scenarios. Although there was a tradeoff between the stabilization time and overshoot, the proposed controller was capable of keeping both the percentage of overshoot along with stabilization time to a minimum level.
Conclusions
A novel online intelligent BESS-based controller has been proposed in this paper to improve the power quality of a MG system; in particular, voltage control and frequency regulation at steady state conditions were targeted. The overall strategy was based on the combination of two key techniques, DEO and ANN, thus making a hybrid control system that actually benefits from complementary benefits of both approaches. To the best of authors' knowledge, the proposed approach in this paper has not been proposed earlier in the literature. The frequency and voltage at the PCC bus of the MG have been maintained within prescribed operating limits during normal and transients' conditions. The controller parameters have been optimized using the DEO technique under different low-level disturbances. Consequently, the optimized controller parameters and the corresponding disturbances were arranged in input and output patterns for the purpose of training the ANN. Finally, the proposed intelligent BESS-based PI controller has been evaluated under random disturbances in order to verify its performance as compared with a benchmark controller. The simulation results proved the effectiveness of the proposed DEO-ANN control strategy. Hence the developed intelligent controller is ready for optimal online tuning of controller parameters under the influence of unknown low-level disturbances. Future work will be on extending the proposed control approach to handle critical disturbances in autonomous microgrids. It can be observed from the simulation results that the proposed DEO-ANN controller performed better in terms of stabilization time and overshoot when compared with the benchmark PID controller in all given scenarios. Although there was a tradeoff between the stabilization time and overshoot, the proposed controller was capable of keeping both the percentage of overshoot along with stabilization time to a minimum level.
A novel online intelligent BESS-based controller has been proposed in this paper to improve the power quality of a MG system; in particular, voltage control and frequency regulation at steady state conditions were targeted. The overall strategy was based on the combination of two key techniques, DEO and ANN, thus making a hybrid control system that actually benefits from complementary benefits of both approaches. To the best of authors' knowledge, the proposed approach in this paper has not been proposed earlier in the literature. The frequency and voltage at the PCC bus of the MG have been maintained within prescribed operating limits during normal and transients' conditions. The controller parameters have been optimized using the DEO technique under different low-level disturbances. Consequently, the optimized controller parameters and the corresponding disturbances were arranged in input and output patterns for the purpose of training the ANN. Finally, the proposed intelligent BESS-based PI controller has been evaluated under random disturbances in order to verify its performance as compared with a benchmark controller. The simulation results proved the effectiveness of the proposed DEO-ANN control strategy. Hence the developed intelligent controller is ready for optimal online tuning of controller parameters under the influence of unknown low-level disturbances. Future work will be on extending the proposed control approach to handle critical disturbances in autonomous microgrids. 
